Introduction

45
Each organism must complete genome replication and separation in the course of one 46 cell cycle prior to cell division in concert with transcriptional processes. To this end, 47 chromosomes are highly organized structures in terms of segregation and overall 48 folding patterns 1 several parS sites usually in the vicinity to the chromosomal origin of replication (oriC). 57
ParB proteins bind to these sequence-specific motives and form large 58 nucleocomplexes by spreading and 3D-bridging between ParB dimers 6-9 , resulting in 59 large topological domains encompassing the oriC, that have been revealed by Hi-C for 60 B. subtilis 10 . In an alternative model termed nucleation and caging, ParB-nucleation at 61 parS is stabilized by dynamic ParB dimer-dimer interactions and weak interactions with 62 non-specific DNA generating a scaffold for locally high ParB concentrations confined 63 around parS 11 . The ParB segregation is driven by a ParA ATPase, which binds 64 nonspecifically to the nucleoid and is released from DNA upon ATP hydrolysis 65 triggered by transient ParB-interactions 12, 13 . In the course of chromosome replication 66
ParB-oriC complexes act in combination with ParA as Brownian ratchets along 67 dynamic DNA loci: slow ParA-DNA rebinding rates generate ParA-gradients, which 68 serve as tracks for directed movement of partition complexes away from their sisters 69 [14] [15] [16] [17] . Perturbation of the system by placing parS sites at ectopic, oriC-distal regions 70 SMC/ScpAB and MksBEFG (MukB-like SMC), for which functional characterizations 96 are non-existent to date 39 . Current work in bacteria as well as knowledge from 97 eukaryotic studies convey the general assumption that all SMCs are likely to play 98 role(s) in chromosome organization. In bacteria it is unknown, why some species 99 harbor more than one type of condensin, and whether and how they would work in 100 concert with each other and coordinate with systems such as ParABS. 101
In this work, we used a combination of high-resolution microscopy and genomic 102 chromosome conformation capture (3C/Hi-C) 35 to unveil the global organization of the 103 diploid C. glutamicum genome. C. glutamicum is a polar growing actinobacterium, 104 whose genome encodes both SMC/ScpAB and MksBEFG. In this species, the two 105 oriCs are continuously associated with the polar scaffold protein DivIVA, while newly 106 replicated sister oriCs segregate towards division septa via the ParABS system [40] [41] [42] . 107
In contrast to B. subtilis, C. glutamicum ParAB are by themselves crucially important 108 drivers of reliable nucleoid separation prior to cell division, where ParAB deletions yield 109 in 20 % of anucleoid cells [43] [44] [45] . Here, analyses of chromosomal ParB-binding patterns 110 evince ten redundant parS sites, which mediate ParB subcluster formation at oriC. A 111 single parS site maintains ParB propagation over 32 Kb neighboring regions, and is 112 sufficient to promote the SMC-dependent alignment of the two chromosomal arms. Hi-113 C also reveal SMC-dependent long-range contacts surrounding oriC. On the contrary, 114
we showed that the polarly positioned MksBEFG condensin acts exclusively on 115 plasmid-transmission to daughter cells, without influencing nucleoid architecture. 116 117
Results
118
Chromosome segregation is governed by a cluster of ten oriC-proximal parS 119 sites 120
Previous studies on C. glutamicum chromosome partitioning have revealed two stable 121
ParB-oriC clusters at each cell pole, while newly replicated origins are segregated 122 towards a division septa formed at midcell 40 Fig. 1A) . Out of the ten parS sites, only the one located furthermost from 129 oriC (parS1) lies within a coding sequence (trpCF). All other parS sequences (labelled 130 parS 2-10) are located in intergenic regions. Degenerated parS sequences exhibiting 131 at least three base-pair mismatches were also identified further away from oriC, e.g. 5' 132 of cg0146 or within the fusA and cg1994 coding region. To test whether these putative 133 parS were responsible for the recruitment of ParB, α-mCherry-ChIP analyses were 134 performed with a strain harboring a mCherry-tagged version of the native ParB (note 135 that all mutant strains used in this study derive from clean allelic replacements and 136 have, unless otherwise noted, a wild type-like phenotype). Distinct and very 137 reproducible enrichment signals were obtained at ten parS sites close to oriC (parS1-138 10 at 3.16 MB) (Fig. 1A) , whereas the imperfect parS sequences identified with blast 139 clearly failed to recruit ParB. Additional smaller peaks were identified at highly 140 transcribed DNA regions, in particular at ribosomal genes, tRNA gene clusters and at 141 all of the rRNA operons (Fig. 1A) . Magnification of the oriC region reveals three distinct 142
ParB propagation zones overlapping with parS1-4, parS5-8 and parS9-10, respectively 143 (Fig. 1B) . Remarkably, those three regions seem to recruit decreasing amounts of 144 ParB, from parS1-4 (most enriched) to parS9-10 (less enriched). Since all parS are 145 identical in sequence, differences in ParB-recruitment might result from the number 146 and distance of parS sequences in the context of the overall nucleoid folding patterns 147 at the oriC-region. 148
Higher-order organization of the C. glutamicum chromosome 149
In B. subtilis, SMC-mediated chromosome folding initiates at ParB-parS clusters 150 surrounding the origin of replication, bridging the two replichores with each other 10, 21 . 151
To characterize whether C. glutamicum parS sites play a similar role in the overall 152 organization of the chromosome, we applied a Hi-C like approach 10,46 to exponentially 153 growing wild type cells (Material and Methods). The genome-wide contact map, 154 displaying the average contact frequencies between all 5 Kb segments of wild type 155 chromosomes (Fig. 1C ) displayed the following 3D features. First, a strong and broad 156 diagonal reflecting frequent local contacts between adjacent loci and observed in all 157
Hi-C experiments. Second, chromatin interaction domains (CIDs), i.e. regions making 158 increased contact frequencies within themselves and previously described in C. 159 crescentus and other species 10,21,35,37,47 , (Fig. 1C, S1 ) (11 domains detected at a 200 160 Kb resolution). Third, a secondary diagonal perpendicular to the main one and 161 extending from the 35 Kb parS cluster (Fig. 1D -white dashed line) from the ori region 162 to the terminus. This structure shows that the two replichores are bridged over their 163 entire length, similarly to B. subtilis and, to some extent, C. crescentus 10, 21, 35 . 164
Interestingly, this secondary diagonal also displays discrete long-range contact 165 enrichments (Fig 1C) , which may reflect bridging of the two chromosomal arms at 166 specific locations. Finally, the contact map also displays a faint, cross-shaped signal 167 corresponding to contacts between the ori region and the rest of the chromosome (Fig.  168 1C -dark triangle on the sides of the contact matrix), a feature never described before. 169
These contacts might represent a replication signal reflecting the translocation of the 170 ParB-oriC complex along the nucleoid during segregation when oriCs reposition at 171 midcell. This signal is also maximal at the parS cluster and not at oriC locus. An 172 observation that reinforce the fact that the parS cluster is at the tip of Corynebacterium 173 chromosome fold and is one of the main actor of chromosome segregation. 174
A single parS site is sufficient to maintain a wild type ParB binding region and 175 chromosome architecture 176
Since all parS sites are in close proximity on the C. glutamicum chromosome, we 177 tested the importance of ParB-parS complex titration for the overall chromosome 178 organization. Cells with chromosomes carrying a single parS site grow and divide like 179 wild type cells ( Fig. 2A, S2) . However, the removal of all 10 parS sites resulted in a cell 180 length phenotype (Fig. S2 ) and 29% DNA-free mini-cells hinting to a nucleoid 181 segregation defect similar to the ΔparB phenotype ( Fig. 2A , Tab. S1). We further 182
analyzed ParB localization in mutant strains carrying either one or none parS sites. 183
Firstly, cellular localization of fluorescent ParB-eYFP foci is similar to wild type, 184 positioning at cell poles and migrating to the newly formed septa (Fig. 2B, S3) 40 . 185
Interestingly, the combination of a single parS site with ParB-eYFP resulted in 7% 186 anucleoid mini-cells (Fig. S2 , Tab. S1), reflecting functional constraints of the ParB-187 eYFP fusion in presence of only one parS site. Therefore, the high number of 188 chromosomal parS sites likely evolved to improve the robustness of the segregation 189 machinery. ParB ChIP-qPCR signals of locus parS1 were similar in both wild type and 190 mutant strains (Fig. 2C) . ParB spreading around the single parS site was characterized 191
through ChIP-seq analysis (Fig. 2D, S4 (Fig. 2E, 2F ). The absence of ParB or all parS sites led to the disappearance 199 of the secondary diagonal. In addition, the cross-shaped pattern resulting from 200 contacts between the ori and the whole chromosome disappears in those mutants, 201 also illustrated by the ratio between wild type and mutant contact maps (Fig. 2F ). (Fig. 2E, 2F ). However, some differences appeared between wild type 209 contact matrix and the one resulting from the strain harboring only one parS site. In 210 this mutant, the large domain surrounding oriC appears more defined than in wild type 211 suggesting that one parS site is not sufficient to fully restore Corynebacterium 212 chromosome folding possibly due to a slower replication and consequently a less 213 dynamic folding (Fig. 2E, 2F ). The single parS site was repositioned at different 214 genomic regions. Cells harboring an ectopic parS site at 9.5°, 90°, 180° or 270° 215 positions were viable (Fig. S2, S3A, B) . Unlike in cells harboring parS1 at its original 216 position, ParB-parS complexes distribute randomly along the longitudinal cell axis in 217 all of these mutants (Fig. S3B ), leading to around 25% anucleate cells (Tab. S1). 218 Therefore, none of these parS-shifts restores controlled nucleoid segregation. The 219 number of ParB foci nevertheless correlates well with cell length (Fig. S3C) , excluding 220 replication initiation deficiencies. ParB-binding to a parS sequence positioned at the 221 90° chromosomal position (locus cg0904, strain CBK037) was identified in a 9 Kb 222 range on either side of parS (Fig. S3D, S4) , approximately half the ParB-propagation 223 distance determined for cells harboring one parS at its native locus. We also analyzed 224 mutant CBK037 (parS at 90° chromosomal position) using Hi-C (Fig. S5) is encoded by genes cg2265 (smc), cg1611 (scpA) and cg1614 (scpB) (Fig. 3A) , while 267 the Mks complex is encoded on a widely conserved operon 39 and comprises genes 268 cg3103-cg3106 (mksGBEF) (Fig. 3A) , including MksG which has being suggested to 269 act in complex with MksBEF 39 . 270
To characterize condensin complex formation in vivo, mass spectrometry of pulldown 271 experiments using SMC and MksB as baits of whole cell lysates were performed. 272
Stability of SMC and MksB fluorescent fusions were confirmed by western blotting ( 
SMC-mediated cohesion of chromosomal arms 285
We aimed to characterize C. glutamicum condensin SMC/ScpAB. Mutation of the 286 SMC/ScpAB complex causes a conditionally lethal phenotype due to chromosome 287 mis-segregation in B. subtilis 25 . In contrast, a smc deletion in C. glutamicum did not 288 result in growth defects, DNA-segregation defects or aberrant cell length distributions 289 and morphologies compared to the wild type in minimal or complex media (Fig. S8,  290 Tab. S1). Nonetheless, the combination of genetic backgrounds parB∷parB-eYFP and 291
Δsmc yield a minor fraction of anucleate cells (4-5 %) (Tab. S1), indicating that SMC 292 and ParB function in the same pathway and have a synthetic phenotype. Hence, a 293 functional interaction of SMC and ParB proteins regulating chromosome organization 294 is likely. In order to further determine cellular localization of SMC/ScpAB complexes, a 295 strain harboring a fluorescently tagged version of core subunit SMC was imaged, 296 revealing the formation of SMC clusters along the entire longitudinal axis of the cell 297 (Fig. 3D) . Clusters of SMC and ParB investigated in a strain carrying both labelled 298 complexes (parB∷parB-mNeonGreen smc∷smc-mCherry) are often proximal but do 299 not necessarily co-localize, while the foci numbers correlate with cell length (Fig. 3E) . 300
Up to eight SMC-mCherry foci were counted per cell. On average, cells contained 301 fewer SMC-foci than ParB nucleoprotein complexes (Fig. S7) . To further characterize 302 the role of SMC, we generated Hi-C contact maps of the mutant (Fig. 3F) . Deletion of 303 smc abolishes the secondary diagonal in the maps (Fig. 3F) . The combination of smc 304
and parB mutations mimics a parB phenotype, again resulting in the loss of contacts 305 between chromosomal arms and further in the loss of the segregation signal described 306 before (Fig. 3F) . Therefore, an interplay of SMC/ScpAB with ParB is responsible for 307 replichore cohesion in C. glutamicum, similar to B. subtilis and C. crescentus each 308 harboring only one condensin complex 10,21,22,35 . Thus, ParB acts epistatic to SMC. 309
ParB-dependent SMC-recruitment to chromosomal loading sites 310
Since cellular SMC-mCherry signal hinted to distinct agglomeration clusters along the 311 C. glutamicum chromosome, we investigated its putative binding sites via ChIP-seq. A 312 small enrichment in SMC deposition was detected at and around the parS1-10 cluster 313 (Fig. 4A ) that disappears upon parB or parS deletion (Fig. 4A, S4, S9 ). In addition, 314
comparably minor enrichment signals are present throughout the chromosome, which 315 partially coincide with genomic loci of high transcriptional activity. Distinct SMC-316 mCherry foci are less frequent in the absence of ParB or parS. (Fig. S9) . These findings 317 suggest that ParB promote condensin loading onto DNA at oriC-proximal parS sites. 318
In addition, ChIP-seq revealed that SMC concentrates at a 13 Kb region upstream 319 parS1 (Fig. 4A) . SMC enrichment in this region was lost following a partial deletion of 320 this locus and its -reinsertion at another genomic position or following its substitution 321 by a random DNA sequence (Fig. S9) . Therefore, the accumulation of SMC at the 13 322
Kb region in the vicinity of parS sites points at roadblocks that trap SMC, rather than 323 specific SMC-binding. This hypothesis is further supported by the study of the contact 324 map of wild type cells (Fig. 1C, 1D , S1, S10). Indeed, the SMC enrichment region is 325 clearly delimited by a strong border on its left (Fig. S1 -Directional Index at 100 Kb 326 resolution and Fig. S10 -red dashed line) . In the absence of ParB or SMC (Fig. S10) , 327 the strong border observed in HiC maps is shifted towards parS sites. Therefore, this 328 border originates from a combination of multiple processes. 329 SMC is also recruited to parS inserted in ectopic positions, e.g. the 90° parS-insertion 330 (Fig S4) . Indeed, in the absence of SMC (Fig. S5) , the bow shape motif is no longer 331 present at the ectopic parS site demonstrating that chromosomal arm cohesion is 332 SMC-dependent and that artificial loading of SMC at non-native positions is not 333 sufficient to fold the entire chromosome. We further assayed chromosomal SMC-334 loading sites by making use of a well-characterized SMC ATP-hydrolysis mutant 335 E1084Q 32,50-52 . SMC E1084Q mutant strongly accumulates at parS sites in C. 336 glutamicum, mimicking a ParB-enrichment pattern (Fig. 4A) . Decreased ChIP-337 enrichment signals throughout the rest of the chromosome hint to an impaired SMC-338 migration along DNA (Fig. 4B) . Conclusively, we confirm specific SMC-loading by ParB 339 to an oriC-proximal region on the C. glutamicum chromosome. 340
Interestingly, ChIP-analysis of a C. glutamicum ParB R175A mutation, which leads to a 341 loss of dimer-dimer interactions in the corresponding B. subtilis ParB R79A mutation 8 , 342 results in increased SMC-binding at ParB R175A propagation zones (Fig. 4A) . Changes 343 in in vitro dsDNA-binding affinities compared to wild type ParB could not be verified 344 (Fig. S3) , neither enhanced binding affinity for SMC/ScpAB by bacterial two-hybrid 345 analyses (Fig. 3B) . The mutation results in large fractions of DNA-free cells and growth 346 rates and ParB R175A cluster formation are particularly affected in cells harboring a single 347 parS site (Fig. S2, Fig. S3 ). ChIP-data indicate broadened and less distinct enrichment 348 signals compared to wild type ParB in presence of all or one parS sites (Fig. 4A, S3 , 349 S4). Therefore, ParB R175A is still capable of building up weak nucleoprotein complexes 350 around parS sites. Hi-C data of the corresponding mutant show the same tendency 351 with a conservation of the overall chromosome architecture with the presence of a 352 secondary diagonal and the conservation of the origin domain folding (Fig. 4C, S10) . 353
However, the signal ranging from the secondary diagonal is weak compared to the wild 354 type one as shown by the ratio matrix (Fig. 4C) . Consequently, SMC-translocation 355 along DNA appears only partially impaired in this mutant (Fig. 4A, S4 function, we generated mutants lacking the condensin core subunit ΔmksB or both 364 Δsmc ΔmksB. Similar to Δsmc, no growth and morphology phenotypes could be 365 detected for both mutants (Fig. S8 , Tab. S1). A triple mutation ΔparB Δsmc ΔmksB did 366 not attenuate the ΔparB phenotype, excluding redundancy of condensin functions in 367 chromosome segregation (Fig. S8) . Further, oriC-ParB foci numbers (Fig. 3D) as well 368 as their spatiotemporal localization (Fig. S8 , time-lapse microscopy not shown) remain 369 largely unaffected upon deletion of smc and mksB. MksB fluorescence was mainly 370 detected at the cell poles (Fig. 3D) , further supporting an interaction with the polar 371 protein DivIVA. Moreover, we applied Hi-C to characterize the role of MksB in genome 372 folding in the different mutants (Fig. 3F) . In contrast to smc, deletion of mksB had no 373 effect on chromosome organization, as shown by the nearly white ratio map between 374 the wild type and the mutant (Fig. 3F) . Moreover, ∆smc and ∆smc∆mksB contact maps 375 were nearly identical (Fig. 3F) , showing that MksB and SMC are most likely not 376 involved in the same process(es). ChIP-seq of MksB failed to detect specific loading 377 sites along the C. glutamicum chromosome (Fig. S11) , supporting the hypothesis that 378
MksB, unlike other bacterial condensins studied so far, plays no direct or indirect role 379 in C. glutamicum chromosomes organization. Therefore, we analyzed its impact on the 380 maintenance of extrachromosomal DNA. The MksBEFG complex appears involved in 381 plasmid maintenance, as shown by the qPCR copy number analysis of two low-copy 382 number (pBHK18 and pWK0) and two high-copy number (pJC1 and pEK0) plasmids. 383
In ΔmksB mutants both low-copy number plasmids were enriched up to ten-fold 384 compared to wild type, when grown in the absence of selection marker (Fig. S11) . On 385 the contrary, the amount of high copy number vectors per cell was hardly affected. We 386 confirmed these findings by plasmid extractions from C. glutamicum cells lacking MksB 387 that yielded exceptionally large quantities of pBHK18 and pWK0, turning them into high 388 copy number plasmids under these conditions (Fig. S11) . By contrast, amounts of 389 pJC1 and pEK0 did not differ notably compared to control strains. These analyses 390
show a MksB-dependent decrease in plasmid level, specifically of low copy number 391 is also maintained in presence of a second condensin complex. Moreover, bacterial 453 two-hybrid analyses of SMC/ScpAB subunits evidence a self-interaction of C. 454 glutamicum kleisin ScpA (Fig. 3) , that has not been described in other organisms 455 before. Based on this result, we speculate that C. glutamicum SMC/ScpAB might form 456 
Materials and Methods
523
Bacterial strains, plasmids and oligonucleotides 524
Primers, plasmids and strains used in this study are listed in Tables S2 and S3 . 525
Detailed information on strain construction and growth conditions are provided in the 526
Supplementary Information. 527
Plasmid extraction from C. glutamicum cells 528 C. glutamicum cells were grown in 10 ml BHI medium to exponential growth phases in 529 presence of selection antibiotic, following incubation with 20 mg/ml lysozyme in P1 530 buffer (NucleoSpin ® Plasmid Kit, Macherey-Nagel) overnight at 30 °C. Subsequently, 531 plasmids were extracted by using the plasmid kit according to manufacturer's 532 instruction. 533
Protein identification via immunoprecipitation and mass spectrometry 534
Immunoprecipitation of SMC and MksB interaction partners was performed with strains 535 CBK012 and CBK015, further including strain CBK052 as negative control. Lysate of 536 exponentially grown cells was used for immunoprecipitation via magnetic RFP-Trap® 537 agarose beads. For proteomic analysis samples were further processed and analyzed 538 by liquid chromatography tandem mass spectrometry (LC-MS/MS) to identify and 539 quantify proteins in all samples. A detailed description of immunoprecipitation and 540 proteomic analysis is provided in the Supplementary Information. 541
Bacterial two-hybrid screening 542
Protein interactions obtained by mass spectrometry were confirmed via bacterial two-543 hybrid assays 62 , using compatible vectors expressing adenylate cyclase subunits T25 544 and T18 (pKT25/ pKNT25 and pUT18/ pUT18C). E. coli BTH101 co-transformed with 545 respective vectors were plated on indicator medium LB/ X-Gal (5-bromo-4-chloro-3-546 indolyl-β-D-galactopyranoside, 40 μg/ml) supplemented with IPTG (0.5 mM) and 547 antibiotics kanamycin (50 μg/ml), carbenicillin (100 μg/ml) and streptomycin (100 548 μg/ml) and incubated at 30°C for 24 h. Interacting hybrid proteins were identified by 549 blue-white screening (not shown) and β-galactosidase assays in a 96 well plate format 550 as previously described 63 Briefly, cells were crosslinked (1 % formaldehyde) for 30 min at room temperature and 564 lysed. DNA was sheared by sonication, incubated with α-mCherry antibody for 2 h at 565 4 C, washed subsequently and crosslinks were reverted at 65 C o. N. DNA purification 566 was followed by library preparation and sequencing using an Illumina MiSeq system. 567
Reads were aligned to the C. glutamicum ATCC 13032 genome sequence 568 (GeneBankID: BX927147.1). Further data analysis was performed using online tools 569 66 . 570 Chromosome Conformation Capture (3C/Hi-C) libraries were generated as previously 602 described by Val et al. 47 with minor changes, as specified in the Supplementary 603
Information. 604
Contact map generation 605
Contact maps were generated as previously described 37 . Reads were aligned 606 independently (forward and reverse) using Bowtie 2 in local and very sensitive mode 607
and were assigned to a restriction fragment. Non-informative events (self-circularized 608 DNA fragments, or uncut fragments) were discarded by taking into account the pair-609 reads relative directions and the distribution of the different configurations as described 610 in Cournac et al 69 . We then bin the genomes into regular units of 5 Kb to generate 611 contact maps and normalized them using the sequential component normalization 612 procedure (SCN) 69 . 613
Contact map comparison 614
Ratio between contact maps was computed for each point of the map by dividing the 615 amount of normalized contacts in one condition by the amount of normalized contacts 616 in the other condition and by plotting the Log2 of the ratio. The color code reflects a 617 decrease or increase of contacts in one condition compared to the other (blue or red 618 signal, respectively). No change is represented by a white signal. Ratio maps of 619 replicates are illustrated in Figure S12 . 620
Identification of domains frontiers using directional index 621
To quantify the degree of directional preference, we applied on correlation matrices 622 the same procedure as in Marbouty, et al. 10 
